Tocols induce high levels of granulocyte-colony-stimulating factor (G-CSF). G-CSF mobilises progenitors that allow mice that have been severely immunocompromised by exposure to acute, high-dose ionising irradiation to recover and to survive. The neutralisation of G-CSF abrogates the radioprotective efficacy of tocols. This article reviews studies in which CD2F1 mice were irradiated with sufficiently high doses to cause acute radiation syndrome symptoms and then administered (iv) progenitor-enriched whole blood or peripheral blood mononuclear cells from tocol-and AMD3100-injected donor mice (AMD3100 is a chemokine receptor antagonist used to improve the yield of mobilised progenitors). In some experiments, G-CSF was neutralised completely. Irradiated recipient mice were observed for 30 d post-irradiation for survival, a primary endpoint used for determining therapeutic effectiveness. Additionally, potential tocol-induced biomarkers (cytokines, chemokines and growth factors) were quantified. The authors suggest that tocols are highly effective agents for mobilising progenitors with significant therapeutic potential.
INTRODUCTION
Nuclear detonation either through military or terrorist action most likely would cause a mass-casualty scenario involving victims with varying degrees of exposure to ionising radiation (1) . Exposure victims will show various signs and symptoms based on the level of radiation they received; these signs and symptoms collectively are known as acute radiation syndrome (ARS).
Natural products such as vitamins have become attractive targets for research (2) . Vitamin E, well known for its health benefits, including antioxidant, neuroprotective and anti-inflammatory properties, acts to regulate peroxidation reactions and control free-radical production within the body. Investigations indicate that tocols, vitamin E isoforms, are not redundant with respect to their biological functions (3) . Most of the biological properties of tocotrienols have been discovered only in the last 10 y, even though they were discovered a half century ago. Studies suggest that alpha-tocotrienol is highly neuroprotective (4) and delta-tocotrienol is effective in targeting prostate cancer stem cell-like populations (5) , as well as effective against pancreatic carcinoma (6) . Earlier studies suggest that there may be as much as a 30-fold difference between the abilities of alpha-and gamma-tocotrienol, to inhibit cholesterol biosynthesis via 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, a key target enzyme to reduce inflammation (7) . Due to these properties, tocols and their derivatives have been evaluated for their radioprotective properties at the Armed Forces Radiobiology Research Institute (AFRRI) as well as at several other institutions (8) . Here, the authors summarise studies showing that tocols-specifically gamma-tocotrienol (GT3), delta-tocotrienol (DT3) and tocopherol succinate (TS, ester of alpha-tocopherol)-induce high levels of various cytokines, chemokines and growth factors including granulocyte colony-stimulating factor (G-CSF). G-CSF stimulates proliferation and differentiation of stem cells. Further, tocol-induced G-CSF mobilised progenitors and administration of this progenitor-enriched whole blood or isolated peripheral blood mononuclear cells (PBMCs) to irradiated recipient mice mitigated radiation injury. Additionally, administration of a G-CSF antibody neutralises tocol-induced G-CSF in peripheral blood and leads to the abrogation of tocols' radioprotective efficacy. These studies were completed for the purpose of advancing these agents under the Animal Efficacy Rule so that they may be developed for human use in the event of nuclear attack or accident. Overall, the reviewed studies examined tocols' effectiveness against radiation injury.
MATERIALS AND METHODS

Mice
Six-to eight-week-old male, specific pathogen-free CD2F1 mice were purchased from Harlan Laboratories (Indianapolis, IN, USA) and housed in an air-conditioned facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. All animal procedures were performed according to a protocol approved by the AFRRI Institutional Animal Care and Use Committee. 
Irradiation
Mice were placed in compartmentalised and ventilated Plexiglas boxes and exposed to bilateral 9.2-Gy gamma-irradiation (0.6 Gy min 21 ; LD 90/30 dose for CD2F1 mice) in the AFRRI 60 Co facility as described earlier (9) . Radiation dosimetry was based primarily on the alanine/EPR (electron paramagnetic resonance) system (10, 11) , currently accepted as one of the most accurate methods and used for comparison between national metrology institutions.
Drug preparation, cytokine analysis and G-CSF neutralisation
The optimal (previously determined) dose of tocol (200 mg kg
21
) for cytokine induction was used for all three drugs (12) . DT3 and GT3 formulations (5 % Tween-80 in saline) were purchased from Yasoo Health, Inc. (Johnson City, TN, USA). TS, administered at 400 mg kg 21 for blood mobilisation studies, was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Mice were administered tocols subcutaneously (sc) 24 h before blood harvest (for cytokine induction, n ¼ 8) or irradiation (survival experiments, n ¼ 16). Eight hours after tocol administration, the mice received 0.1 ml of either G-CSF antibody or isotype control intraperitoneally (ip; 600 or 1000 mg per mouse), as described earlier (13, 14) . G-CSF antibody and isotype were tested and found negative for 12 viral agents by BioReliance (Rockville, MD, USA) using a MAP-IT (molecular antigen PCR-identification test for mice) assay. For cytokine analysis, blood was collected from terminally anaesthetised (isoflurane; Abbott Laboratories, Chicago, IL, USA) mice via the inferior vena cava 16 h after G-CSF antibody injection (24 h after tocol administration). The collected serum was stored at 2708C until analysed by Luminex 200 (Luminex Corp., Austin, TX, USA) to detect 40 cytokines as described earlier (12) .
Mobilisation of progenitors by TS and transfusion of blood/PBMC
The efficacy of PBMC infusions after total-body irradiation was evaluated using donor and recipient mice. All donor mice received either TS or vehicle 72 h before harvest and received AMD3100 1 h before harvest (each in 0.1 ml, sc) to mobilise progenitors from the bone marrow into peripheral blood (15) . Recipient mice were transfused with various volumes of blood or numbers of PBMCs at 2, 24 or 48 h after irradiation via the retro-orbital sinus (intravenously, iv) and were monitored for survival for 30 d.
Statistical analysis
For cytokines and G-CSF data analyses, mean values with standard errors (SE, when applicable) were reported. Analysis of variance with a Tukey's post hoc test was performed to determine whether and where significant differences were present between treatment groups. For survival data, a log-rank and Fisher 0 s exact tests were used to compare survival curves and rates. A Bonferroni correction controlled for type-I error if multiple comparisons were used. All statistical tests were two-sided with a 5 % significance level and conducted with IBM SPSS Statistics version 19.
RESULTS
Induction of various cytokines, chemokines and growth factors by tocols in mice
The authors compared the levels of various cytokines following administration of DT3, GT3 and TS. Their results suggest that tocols induce significantly higher levels of several cytokines compared with vehicle. These cytokines (40 evaluated) may play a critical role in the radioprotective efficacy of these tocols. Mice injected with DT3 had significantly higher levels of four cytokines (G-CSF, KC, MCP-1 and IL-17F). Mice injected with GT3 had significantly higher levels of seven cytokines (IL-9, G-CSF, KC, PDGFbb, IL-17F, CD40L and MIP3-a). Mice injected with TS had higher levels of two cytokines (KC and MCP-1) (data not presented due to space limitations) (12) .
Neutralisation of tocol-induced G-CSF by its antibody and effect of such G-CSF neutralisation on radioprotective efficacy in mice
Three groups of mice (n ¼ 8) were injected (sc) with tocols (200 mg kg
21
) in three different experiments. One group received the G-CSF antibody 8 h after tocol injection and another group received its isotype ip. The third group did not receive a second injection (G-CSF antibody or isotype). Blood was harvested from mice 24 h after tocol injection. G-CSF antibody administration specifically and completely neutralised circulating G-CSF in peripheral blood (Figure 1) .
To determine whether G-CSF induction by tocols is a key factor in protection against radiation injury, the authors conducted an experiment to neutralise G-CSF, as stated earlier. Mice were exposed to gamma radiation 24 h post-tocol administration and observed for 30 d for survival. Methods and groups were as stated earlier. An additional group in each experiment received only vehicle. Data demonstrate that mice receiving only tocol or tocol plus the isotype were protected significantly from ionising radiation compared with vehicle control and tocol plus the G-CSF neutralising antibody (Figure 1 ). There is no significant difference between tocol-treated and tocol plus isotypetreated mice.
Efficacy of infusing whole blood or PBMCs from TS-injected donor mice on the survival of recipient mice exposed to gamma radiation
To determine the efficacy of whole blood or PBMCs on survival after whole-body irradiation, mice (n ¼ 16) were transfused with different volumes of whole blood or different numbers of PBMCs. All donors received (sc) single doses of either TS (400 mg kg 21 ) or vehicle 72 h prior to blood harvest and AMD3100, 1 h before blood harvest. The recipients were irradiated (9.2 Gy) and subsequently transfused with whole blood or PBMCs via the retro-orbital sinus 24 h after radiation exposure (to learn whether transfusion of donor cells can be delayed) and monitored for survival over 30 d.
The authors' results demonstrate that as small a quantity as 25 ml of blood from TS-injected mice protected a significant number of recipient mice against an LD 90/30 dose of radiation (9.2 Gy; Table 1 ). PBMCs could be administered as late as 48 h after radiation exposure; however, with increasing numbers of transfused PBMCs, better survival outcomes were clearly Figure 1 . Neutralisation of tocol-induced G-CSF and abrogation of their radioprotective efficacy by G-CSF antibody administration in mice. Please note for each tocol, the survival curves for the groups that received tocol and tocol þ isotype overlap. For G-CSF abrogation studies, n ¼ 8; for survival studies, n ¼ 16.
noted. There was no significant difference between recipients of cells or blood from vehicle-injected mice and the irradiated control group. Higher numbers of early progenitors (c-kit or/and sca-1 positive cells) were present within the TS-mobilised blood/PBMCs samples compared with vehicle (16) .
DISCUSSION
Cytokines are highly potent molecules that in general are transiently expressed in response tovarious stimuli (17) . Recently, the authors have demonstrated induction of high levels of selected cytokines by several radiation countermeasures (12 -14, 18 -20) . These studies identified G-CSF to be a candidate biomarker for the radioprotective and radiomitigative efficacy of tocols. The authors' results further support the role of G-CSF in radioprotection. The authors have demonstrated that all three tocol derivatives and radiation exposure individually induce G-CSF and administration of a G-CSF antibody to mice before radiation exposure exacerbates radiation injury, providing additional support that G-CSF provides an essential radioprotective effect (21) .
Recently, other investigators have demonstrated the radiomitigative potential of G-CSF in mouse, minipig and nonhuman primate models (22 -25) . Recently, myeloid progenitor cell intravenous administration was used as bridging therapy in the experimental animal model of ARS. Such cells have been shown to be effective in protecting animals exposed to lethal doses of radiation (9) . These myeloid progenitors (along with other haematopoietic progenitor cell types) can be mobilised out of the bone marrow into the blood for the reconstitution of haematopoiesis. As Donor mice were administered TS and AMD3100 (72 and 1 h, respectively) before blood collection. PBMCs were isolated from donor blood samples. Recipient mice (n ¼ 16 per treatment group) were irradiated with varying doses of radiation and then transfused with whole blood or PBMCs at different times after irradiation. S indicates a significant difference between the TS-treated group and the respective vehicle. NS indicates no significant difference.
discussed, various tocols can be used to mobilise marrow progenitors, which are especially useful as a bridging therapy for radiation casualties. Further, the extent of progenitor mobilisation elicited by tocols, specifically TS, in mice is comparable with clinically used drugs such as recombinant granulocyte-colony-stimulating factor (rhG-CSF/Neupogen w ) and the bicyclam AMD3100 (plerixafor/Mozobil) (13) ; therefore, the authors propose that TS be considered for further translational development and, ultimately, for use in humans.
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